In Global Navigation Satellite System (GNSS) meteorology, improved understanding of weighted mean temperature (Tm) variation and estimation is imperative because Tm is crucial to the quantification of precipitable water, which is an important parameter in numerical weather prediction systems. The commonly used methods for determining Tm use the relationship between surface temperature Ts and Tm, and use blind models developed from atmospheric reanalysis products. Since the Ts recorded in the sensors or the sample points of the reanalysis data sets are usually not at the same height with the GNSS station, it is always necessary to vertically adjust the estimated Tm, which requires Tm lapse rate. In this study, the globally distributed radiosonde data were collected to calculate the Tm lapse rate, and the relationship between the Tm lapse rate and location, seasonal changes was shown in detail. To verify the importance of the Tm lapse rate in Tm calculation, the Tm lapse rate obtained in this study was applied in the Global pressure and temperature 2 wet (GPT2w) model. Numerical results show that the root mean square error (RMSE) of Tm estimated with the consideration of Tm lapse rate is improved by 0.64 K in average. Moreover, the impact of Tm on GNSS-PWV was analyzed, showing that the improvement of RMSE PWV and RMSE PWV /PWV are 0.05 mm and 0.23%, respectively. INDEX TERMS GNSS meteorology, weighted mean temperature, Tm lapse rate, radiosonde, GPT2w model.
I. INTRODUCTION
Water vapor plays a crucial role in various atmospheric processes such as hydrological cycle, energy equilibrium, and long-term climate change [1] - [3] . A good understanding of water vapor is not only the premise to construct data source for climate research but also vital for weather forecasting [4] - [8] . With the rapid development of GNSS, it became an emerging and robust tool for remotely sensing precipitable water vapor (PWV) with advantages of high accuracy, all-weather capability, high spatial temporal resolution, and cost effective [9] - [15] .
In GNSS data processing, the atmospheric parameter estimated is the zenith tropospheric delay (ZTD), which can be effectively divided into zenith wet delay (ZWD) and zenith hydrostatic delay (ZHD). The ZWD is achieved by the The associate editor coordinating the review of this manuscript and approving it for publication was Manuel Rosa-Zurera. formula (ZWD=ZTD-ZHD) since the ZHD can be accurately calculated by a model [16] . To obtain the GNSS-PWV from the ZWD, a conversion factor is needed which is a function of the weighted mean temperature (Tm), as expressed below [15] , [17] - [19] :
where is the conversion factor; ρ w and R w are the density of liquid water and the specific gas constant for water vapor, respectively; k 2 and k 3 are the atmospheric refractivity constants, respectively. The Tm can be accurately determined by integrating a function of temperature and water vapor pressure profiles, as expressed in (3) [20] .
where e is the partial pressure of water vapor (in hPa), T is the atmospheric temperature (in K). Radiosonde observations and atmospheric reanalysis datasets can provide the profiles, but do not meet the requirement of real-time/near-real-time and arbitrary-position calculation [21] , [22] . Bevis et al. [15] found a good linear correlation between surface temperature (Ts) and Tm using 8718 radiosonde profiles in North America. The Bevis formula, T m = a + bT s , became a commonly used method to obtain Tm. The coefficients of a and b are season and location dependent, some regional linear functions of Tm and Ts were proposed afterwards [23] - [26] . Nevertheless, the formulas become invalid because most GNSS stations are not equipped with the meteorological sensors and the in situ Ts measurements are unavailable. Therefore, some blind models fed only by coordinates of the site and the time were established for Tm calculation in real-time/nearreal-time. Yao et al. [27] developed the Global Weighted Mean Temperature (GWMT) model using radiosonde data of 135 global stations from 2005 to 2009, and recalculated the coefficients for an updated model-GTm-II based on Tm calculated from the Bevis formula and Ts derived from the Global Pressure and temperature (GPT) model [28] , [29] . Taking into account the semi-annual and diurnal variations of Tm, the GTm-II was updated into GTm-III using GGOS surface Tm [30] . In the later GTm_N model, the non-linear model in GTm-III was expressed into a linear one [31] . In a study by Chen and Yao [32] , the GTm-X model considering the semi-annual and diurnal variations was established with a global resolution of 1 • × 1 • . Moreover, some empirical models for meteorological research, like UNB3m and GPT2w, can output Tm values even though they are not specific Tm models. Thus far, GPT2w is one of the latest released models, which has excellent performance in the computation of parameters against other models [33] , [34] . In these models, the height differences between station and the reference level of the models always exist, the applications and accuracy of the Tm blind models would be limited without a vertical adjustment.
He et al. [35] utilized a voxel-based model to capture the lapse rate in Tm calculation. Zhang et al. [36] explored the Tm lapse rate in China using the ERA-Interim data set over a whole year period and demonstrated that the accuracy of Tm estimated was improved with the Tm lapse rate in China areas. Chen et al. [37] estimated the Tm lapse rate in some synoptic sites in Hunan Province of China to obtain the more accurate PWV maps. However, the Tm lapse rate was only mentioned briefly but not in depth, or just researched regionally in the previous literatures. The global distribution of the Tm lapse rate and its changes are not detailed. In this paper, we used the globally distributed radiosonde data to calculate the Tm lapse rate, and to show its relationship with location and seasonal changes in detail (Section 3). Moreover, the Tm lapse rate obtained in this study is applied in the most widely used model, the GPT2w model, to verify the importance of the Tm lapse rate in Tm calculation (Section 4).
The Section 2 and 5 are the description of the dataset and the conclusions, respectively.
II. MATERIALS AND METHOD A. RADIOSONDE DATA
A radiosonde is a battery-powered telemetry instrument carried into the atmosphere usually by a weather balloon that measures various atmospheric parameters and transmits them by radio to a ground receiver. It is one of the most common methods to directly measure the atmospheric profiles containing pressure level parameters of temperature, humidity, wind speed, and direction as well as geopotential height. Currently, there are in total more than 1500 radiosonde sites distributed worldwide, and twice every day at UTC 0:00 and 12:00. The observation data can be retrieved from the Integrated Global Radiosonde Archive (IGRA) (http://www.ncdc.noaa.gov/oa/climate/igra/) [38] . In this paper, radiosonde records from 486 global IGRA stations during the period of 2011-2015 were collected to analyze the Tm lapse rate, due to some radiosonde measurements are rejected as outliers in the data pre-processing under the conditions, i.e., the height of the first data recorded in the profile is greater than 20 m above the ground; the total number of valid radiosonde levels is less than 8; the number of radiosonde records in a certain site is less than 50% of the total number of these 5 years.
To calculate the Tm lapse rate, the Tm at every pressure level need to be estimated based on the radiosonde data. The Tm at a certain pressure level is the summation of the temperature and water vapor pressure from this pressure level to the top level of a radiosonde profile. Equation (3) will be discretized using the following integral formula:
where i refers to the ith layer and N is the total number of layers; z i is the thickness of the ith layer. The temperature T is recorded in the radiosonde archive and the water vapor pressure can be calculated by the recorded parameters (relative humidity RH and the temperature) using the following formula [39] , [40] :
e s = 6.11 × 10
where e s is the saturated vapor pressure and T d is the temperature in Celsius (T = T d + 273.15).
B. CONVERSION OF THE GEOPOTENTIAL HEIGHT
Note that the height used in radiosonde data is the geopotential height, which is widely used in meteorology, a two-steps procedure to convert it to the ellipsoid height (h) is required for GNSS applications. The two steps are introducing the height anomaly (ζ ) and converting the geopotential height (Z) to the normal-orthometric height (H). Taking the latitude and longitude as input parameters, the height anomaly can be easily obtained using the official Earth Gravitational Model 2008 (EGM2008) [41] . The expression for the relationship between the normal-orthometric height (H) and the geopotential height (Z) is as follow [22] , [42] :
where g 0 is the normal gravity at latitude of 45 • with a constant value of 9.80665 ms −2 , R e is the radius of Earth at latitude ϕ and g is the normal gravity at the location of the station, they can be calculated using the following formulas:
where a is the semi-major axis (6378.1370km), f is the flattening (0.003352811) and m is the gravity ratio (0.003449787). g e denotes the gravity at the equator (9.7803253359 ms −2 ), k s is Somigliana's constant related to the Earth shape and normal gravity at the equator and pole (1.931853e10 −3 ) and E is the eccentricity (0.081819). After getting the height anomaly (ζ ) and the normal-orthometric height (H), the ellipsoid height (h) can be obtained by the formula (h = H + ζ ).
C. RADIOSONDE DATA ESTIMATION OF THE TM LAPSE RATE
A linear relationship exists between Tm and height [36] , [37] , (10) can be used to characterize the vertical dependence of Tm, namely the Tm lapse rate:
where α is the Tm lapse rate (K/km) and b is the constant coefficient. At each radiosonde site, taking the Tm and height of each pressure layer into the above equation, we can fit the Tm lapse rate by using (10) . To evaluate the goodness-of-fit, the coefficient of determination (R-squared) was adopted in this study, which is the regression sum of squares divided by the total sum of squares. It provides a measure of how well observed outcomes are replicated by the linear model, based on the proportion of total variation of outcomes explained by the linear model. The expression for R-squared is as follow:
where SS res and SS tot refer to the sum of squares of residuals and the total sum of squares, respectively. T o m and T m m are the Tm calculated in previous section (true values) and the Tm calculated by (10) (modeled values), respectively.T o m denotes the mean of the true values.
III. ANALYSIS OF THE TM LAPSE RATE
According to the method of Section 2, the Tm lapse rate of 486 radiosonde sites worldwide during 2011-2015 can be determined as well as their coefficient of determination, and they are shown in different forms in Fig. 1 . From the Fig. 1(a) , we find that the Tm lapse rate depends on locations and varies in the range of −6.5 to −3.3 K/km worldwide. The maximum difference between the different locations can reach approximately 3.2 K/km. In general, we observe that the absolute values of the Tm lapse rate tend to increase as the latitude decreases. This demonstrates that ignoring the Tm lapse rate or considering it as a constant is inadequate and would introduce systematic errors. Fig. 1(b) shows the distribution of the coefficient of determination, namely the R-squared, which is used to examine the goodness of fit for the Tm lapse rate of each radiosonde site. It also depends on locations and the sites with relatively worse fitted results occur in the regions with high latitude. The trend of R-squared changing with latitude is presented in the figure. Fig. 1 (c) and 1(d) are the empirical distribution functions of the Tm lapse rate and the R-squared, respectively. The percentages of Tm lapse rate in range of less than −6 K/km, −6 to −5 K/km, −5 to −4 K/km, and larger than −4 K/km are 7.82%, 53.29%, 30.25% and 8.64%, respectively. It is clear that more than half of the Tm lapse rate is within −6 to −5 K/km. This is the reason that a good Tm estimation could be achieved in some regions even the Tm lapse rate is set to a constant. The R-squared values are all above 0.6, indicating that all the radiosonde sites have a good fit. Particularly, more than 40% of the R-squared exceed 0.9, while more than 80% of the R-squared exceed 0.8.
To analyze the different R-squared that exist in different sites, Fig. 2 shows the relationship between the height and the Tm for the radiosonde sites with the maximum and minimum R-squared. The radiosonde site located at (1.37 • , 103.98 • ) for latitude and longitude has the maximum R-squared (0.99), while the site located at (63.25 • , 143.15 • ) has the minimum R-squared (0.61). It is obvious that the Tm amplitude of each pressure level in the top panel is smaller than that of the bottom panel, especially in the lower atmosphere. For example, the Tm varies in a range of 280 to 295 K for the first pressure level in the top panel, while it varies in a range of 225 to 290 K in the bottom panel. This is one of the reasons that the relatively poor fit appears in the site with high latitude.
Considering the strong seasonal variations in Tm, it may result in a seasonal variation in the Tm lapse rate, which was pointed out by Zhang et al. [36] in the regional analysis of China. The radiosonde data during 2011-2015 used above were divided into four seasons, i.e., Spring On one hand, the values of Tm lapse rate worldwide are relatively consistent in summer and autumn, and the changes in different regions are relatively small. But for winter and spring, the Tm lapse rate depends more heavily on locations and varies in a larger range around the world. On the other hand, the seasonal variation of Tm lapse rate in high latitude regions is more obvious than that in low latitudes.
From the right panel, we can see that the R-squared are improved in general compared with the case in Fig. 1(b) , especially in the high latitudes. Particularly, the improvement is most evident in summer, followed by autumn, and there are different levels of improvement in spring and winter. This illustrates that the Tm lapse rate in high latitudes are relatively stable in summer and autumn, while the stability becomes worse in spring and winter.
In Fig. 4 , the Tm lapse rate and their R-squared in different seasons are shown in the form of boxplot. Five characteristic values are marked in the box plots: the first and third quartiles (Q1 and Q3) are located at the bottom and top of the box; Q2, the second quartile, is located inside the box; the upper and lower bounds located at Q1-1.5(IQR) and Q3+1.5(IQR) represent the ends of the whiskers. IQR, that is, the interquartile range, refers to the difference between Q3 and Q1. In different seasons, the Tm lapse rate around the world varies in degree of discreteness. Fifty percentage of the Tm lapse rate are concentrated in the range of −4.54 to −5.69 K, −5.01 to −5.90 K, −4.86 to −5.80 K, and −4.29 to −5.46 K in spring, summer, autumn and winter, respectively. The R-squared are above 0.7 and the Q2 are 0.920, 0.959, 0.930 and 0.927 for four seasons. In the four seasons, 75% of the R-squared are larger than 0.86, 0.94, 0.89, and 0.88, respectively, which indicates the different fitting results in different seasons. To explore the relationship, the changes of Tm lapse rate with latitude in different seasons were shown in the left panel of Fig. 5 . The blue spots represent the Tm lapse rate of each radiosonde site and the red lines refer to the fitted function between Tm lapse rate and latitude in different seasons. The Tm lapse rate appears a clear trend with the changes in latitude in spring, summer and autumn, which is weaker in winter. The polynomial function, which are shown in the figure, well describes the relationship between the Tm lapse rate and latitude. The term y and x in the functions refer to the Tm lapse rate and the latitude, respectively. The coefficient of determination of each polynomial function are 0.68, 0.51 and 0.53 for spring, summer and autumn, while it is 0.31 for the worst case (winter). In the right panel, the fitted residuals of the Tm lapse rate are shown by the red spots. For spring, summer and autumn, only 10, 7, and 6 residuals exceed + −1 K/km, and the maximum residuals are −1.28, 1.30 and −1.59 K/km, respectively. In the worst case (winter), more than 85% of residuals are concentrated in −1 to 1 K/km and the maximum residual is −1.94 K/km. The root mean square error (RMSE) of the residuals are 0.46, 0.44, 0.45, and 0.75 K/km for spring, summer, autumn and winter, respectively. Although the performance in winter is relatively poor, the polynomial functions in different seasons still well describe the relationship between the Tm lapse rate and latitude.
IV. ASSESSMENT OF THE TM LAPSE RATE IN TM CALCULATION
The GPT2w model, one of the latest released models, has excellent performance in the computation of Tm against other models. This model can be easily accessed at: http : //ggosatm.hg.tuwien.ac.at/DELAY/SOURCE/GPT2w/. It is established on monthly meteorological data of 10-year (2001-2010) ERA-Interim, and provides Tm with the annual and semi-annual amplitudes in a global resolution of a 1 • ×1 • geographical grid. But the Tm lapse rate is not considered in this model. Thus, we selected the GPT2w as the test model, applied the fitted function of Tm lapse rate and latitude mentioned in the previous section to it, explored its effect on Tm calculation. When the GPT2w model obtains the input parameters -latitude, longitude, ellipsoid height and Julian date of the station, it selects four nearest sampling points around the station and calculates the Tm values on their ellipsoid height using the corresponding mean values, annual and semiannual amplitudes from the external grid file. Before interpolating the Tm of the station from the Tm of the four sampling points by using the bilinear algorithm, the Tm of the four sampling points are corrected to the height equaled to the station by using the following formula: where T m and T 0 m represent the Tm with and without the vertical correction, respectively. α is the Tm lapse rate that computed by the polynomial functions provided by Fig. 5 in section 3. The Julian data of the station is used to distinguish the season and the latitude of the station is used to calculate the value of Tm lapse rate. Two schemes based on GPT2w model were conducted, the one without the consideration of Tm lapse rate was regarded as Scheme #1 and the other one with the consideration was taken as Scheme #2. The radiosonde data of 2016 retrieved free from IGRA were selected and their Tm derived by (4) were considered as a reference. The residuals of each radiosonde site were counted. Fig. 6 shows the RMSE of Tm at each radiosonde site for the two schemes. Compared with Scheme #1, the RMSE of Tm in Scheme #2 is relatively smaller in most of the radiosonde sites, especially in the Mid-latitude area like northern China and North America. The average RMSE of Tm for Scheme #1 is 4.83 K and it is 4.19 K for Scheme #2, which results in an improvement of 0.64 K with the consideration of Tm lapse rate. The maximum and minimum RMSE of Tm for Scheme #1 and #2 are 10.22/1.67 K and 6.52/1.12 K, respectively. The largest improvement of RMSE is 4.97 K from 10.22 K to 5.25 K and appears at the site called CHM00051431 with latitude and longitude of 43.95 • and 81.33 • . It can be seen that the RMSE of Tm in some sites only has a small improvement.
To explore the improvements at different sites, we selected CHM00051431 with largest improvement of 4.97 K and KZM00038064 with almost no improvement for comparison and analysis. We find that the height of CHM00051431 is 664 m, and the heights of the four sampling points in the GPT2w model used to calculate Tm of this site are 1499, 1651, 2444 and 1961 m, respectively. The average height difference between this site and the sampling points is 1225 m. In this case, the Tm lapse rate can effectively play a role in improving the Tm calculation error caused by the height difference. For KZM00038064, its height is 133 m and the heights of its sampling points are 131, 137, 132 and 147 m, respectively, which makes the average height difference is only 4 m. In this case, the Tm lapse rate can hardly work. Therefore, we calculate the Tm of CHM00051431 in 1664 m and the Tm of KZM00038064 in 1133m using (4) and the two schemes, respectively. This reduces the height difference of CHM00051431 to 327 m, while increase the height difference of KZM00038064 to 996 m. Fig. 7 shows the time series of Tm calculated by (4) and the two schemes with GPT2w model. Colors represent the different methods and different site heights. From the green and the cyan lines, we observe that the Tm decreases with the increase of height in a certain site. The Tm derived from Scheme #1 that without the consideration of Tm lapse rate, are the same at different height in a site. For CHM00051431, when calculating the Tm at surface height (664 m), Scheme #2 shows a significant improvement, that is, the red line agrees much better with the cyan line than the black one. When the Tm at 1664 m is calculated, the improvement is little since the height differences with the sampling points become small. For KZM00038064, the surface height (133 m) of this site is the case that has a small height differences with the sampling points. Since the average height difference is only 4 m, which almost makes no sense for Tm vertical adjustment by Tm lapse rate, the red line is coincides with the black one. When adjusting the average height difference to 996 m, namely the Tm at 1133 m, the blue line is more consistent with the green line than the black one. This illustrates that one reason for the small improvement of Tm RMSE in some sites is the similar heights existed in the sites and their sampling points. Besides, it may be because the relationship between Tm lapse rate and latitude introduced into the GPT2w model is not particularly accurate at some sites.
To show the effect of Tm lapse rate in the four seasons, Table 1 lists the average RMSE of Tm in different seasons for Scheme #1 and #2. In both schemes, the RMSE of Tm is the smallest in summer, followed by autumn and spring, and the largest RMSE of Tm appears in winter. This indicates the same conclusions with the previous section that the Tm is relatively stable in summer and autumn, while it has larger variation in winter and spring. The improvements of RMSE with the consideration of Tm lapse rate are 0.65/0.68/0.66/0.59 K in spring, summer, autumn and winter, respectively, which is consistent with the results of polynomial fitting in different seasons in the previous section. This demonstrates the division of seasons in calculating the Tm lapse rate is important.
To further show the improvement of RMSE, the empirical distribution functions in different seasons are plotted in Fig. 8 . Colors represent different seasons in the figure, which indicates the percentage of each range of improved RMSE. For example, the percentage of the improved RMSE that greater than 1 K is 22%, 24%, 23% and 20% in spring, summer, autumn and winter, respectively; and more than 50% of the improved RMSE are larger than 0.33, 0.38, 0.35 and 0.31 K in spring, summer, autumn and winter, respectively. It can be seen that the order of RMSE improvement from good to bad is summer, autumn, spring and winter, which is consistent with those listed in Table 1 .
Furthermore, the impact of Tm on its resultant GNSS-PWV was analyzed in term of theoretical function, since the GNSS stations and radiosonde stations are not co-located [22] , [35] . From (1), the relationship of the RMSE between Tm and PWV can be obtained as follow [35] , [43] - [45] :
where RMSE PWV and RMSE T m are the error in PWV and Tm, respectively. PWV and T m are set to annual mean values. The relative error of PWV (RMSE PWV /PWV ) and RMS PWV are used to evaluate the impact of the errors in Tm on its resultant GNSS-PWV. Fig. 9 illustrates the global distributions of the theoretical results of RMSE PWV and RMSE PWV /PWV in different schemes. As we can see the global mean value of RMSE PWV and RMSE PWV /PWV are 0.36 mm and 1.72% for Scheme #1, respectively. While for Scheme #2, they are improved to 0.31 mm and 1.49%, respectively. The improvement of RMSE PWV are easily observed in parts of Southern Asia, where the largest RMSE PWV value of Scheme #1 is approximately 1.0 mm. For RMSE PWV /PWV , Scheme #2 shows relative stable performance over the global while Scheme #1 has larger values in parts of western China and northern America.
V. CONCLUSION
In this research, the Tm lapse rate were explored using a 5 years Radiosonde data (2011.01-2015.12) obtained from 486 radiosonde sites around the world. The coefficient of determination, namely the R-squared, was adopted to examine the stability of the Tm lapse rate fitted at a certain site. We observed that the Tm lapse rate depends on locations and varies in the range of −6.5 to −3.3 K/km worldwide. The radiosonde data were then separated into four seasons to reduce the impact of seasonal variation on fitting Tm lapse rate. The distribution of Tm lapse rate and their R-squared in different seasons were depicted in detail. Based on the analysis of Tm lapse rate worldwide, the polynomial function was used to describe the relationship between the Tm lapse rate and latitude in different seasons. The RMSE of the residuals are 0.46, 0.44, 0.45, and 0.75 K/km in spring, summer, autumn and winter, respectively, which indicates a good description of the relationship by the polynomial function. The least released and most commonly used model, the GPT2w model, was used to examine the importance of the Tm lapse rate in Tm calculation. The average RMSE of Tm estimated by GPT2w model was improved by 0.64 K when the Tm lapse rate was added to the model. In different seasons, the improvements of RMSE are 0.65, 0.68, 0.66, and 0.59 K, respectively. The impact of Tm on GNSS-PWV was analyzed, showing that the improvement of RMSE PWV and RMSE PWV /PWV are 0.05 mm and 0.23%, respectively. Therefore, this research provides information on the distribution of the Tm lapse rate and its changes, and verifies that the accuracy of Tm can be improved by the addition of Tm lapse rate in the Tm model. In the further research, the Tm lapse rate should be applied to other blind Tm models to verify the effect on the Tm vertical adjustment, and the reanalysis data like ECMWF data should be used to obtain more accurate Tm lapse rate with a global grid format.
